The crystal structure of intercellular adhesion molecule-2 (ICAM-2) revealed significant differences in the presentation of the critical acidic residue important for integrin binding between I and non-I-domain integrin ligands. Based on this crystal structure, we mutagenized ICAM-2 to localize the binding site for the integrin lymphocyte functionassociated antigen-1 (LFA-1). The integrin binding site runs diagonally across the GFC ␤-sheet and includes residues on the CD edge of the ␤-sandwich. 
Intercellular adhesion molecule-2 (ICAM-2) is a cell surface glycoprotein that is a ligand for the integrin lymphocyte function-associated antigen-1 (LFA-1) and is constitutively expressed on endothelium, platelets, lymphocytes, and monocytes (1, 2) . The extracellular domain of ICAM-2 consists of two Ig superfamily (IgSF) domains. These are about 35% identical in sequence to the first two IgSF domains of ICAM-1, ICAM-3, ICAM-4, and ICAM-5, which also function as ligands for LFA-1 (1, 2) . The ICAMs are more distantly related to mucosal addressin cell adhesion molecule-1 (MAdCAM-1) and vascular cell adhesion molecule-1 (VCAM-1), which bind ␣ 4 integrins. All of these IgSF molecules are more closely related to one another than to other members of the IgSF and appear to constitute a subfamily that is specialized for binding to integrins. The IgSF integrin ligands play specific and in some cases overlapping roles in leukocyte recirculation and recruitment at sites of inflammation, antigen-specific T cell responses and other cell-cell interactions essential for immune surveillance (1).
Significant differences among the IgSF integrin ligands correlate with the types of integrins to which they bind. LFA-1 to which ICAMs bind contains an inserted or I domain in its ␣ subunit (3) . The crystal structure of the I domain in LFA-1 and the related Mac-1 (CD11b͞CD18) integrin has been defined and contains a Mg 2ϩ that is required for ligand binding (4, 5) . This Mg 2ϩ is surrounded by residues that are required for specific ligand recognition, and thus define a ligandbinding interface on the I domain (6) . The ICAMs contain a conserved Glu residue in domain 1 that is critical for binding to LFA-1 (7); the Mg 2ϩ in the I domain has been proposed to coordinate an acidic residue in integrin ligands (4) . By contrast, VCAM-1 and MAdCAM-1 bind to the ␣ 4 ␤ 1 and ␣ 4 ␤ 7 integrins, which lack an I domain (1) . Therefore, the binding site in the integrin must differ, and may involve both a ␤-propeller domain predicted in all integrin ␣ subunits (8) and a domain with certain features resembling an I domain, including a Mg 2ϩ -binding site, predicted in the integrin ␤-subunit (4, 9, 10) .
Recently x-ray crystal structures for domains 1 and 2 of ICAM-2, ICAM-1, VCAM-1, and MAdCAM-1 have been solved (11) (12) (13) (14) (15) (16) . Although a conserved sequence bearing an integrin-binding (17) , it has markedly different architectures in ICAM-1 and ICAM-2 compared with VCAM-1 and MAdCAM-1. In VCAM-1 and MAdCAM-1, the critical Asp residue is highly exposed at the tip of a protruding loop built by the motif. In ICAM-2 and ICAM-1, the homologous Glu residue is present at the end of ␤-strand C and lies on a flatter surface on an edge of domain 1. To understand the molecular basis for recognition by integrins of cell adhesion molecules, it is important to map the recognition surfaces. Extensive mutagenesis studies on VCAM-1 have defined the binding footprint in the crystal structure for the integrins ␣ 4 ␤ 1 and ␣ 4 ␤ 7 (18, 19) . Both residues in domain 1 and in domain 2 contribute to binding. Previously, mutations in ICAM-1 and ICAM-3 have been studied for their effects on binding to LFA-1, and a peptide has been identified in ICAM-2 that has binding activity for LFA-1 (7, (20) (21) (22) (23) (24) (25) . These studies have shown that mutations in ICAM-1 and ICAM-3 that affect binding to LFA-1 are localized to domain 1. The studies on ICAM-1 and ICAM-2 were carried out before their crystal structures were determined, and a structure for ICAM-3 is not yet available; therefore, both the design and interpretation of mutants and peptides have relied on models based on other IgSF domains.
The recent determination of the structure of ICAM-2 to 2.2 Å (11) has now enabled us to both design and interpret mutations in ICAM-2 based on its three-dimensional structure. The even more recent determination of the structure of ICAM-1 (12, 13) , together with previous work on VCAM-1, enables comparisons of the integrin-binding footprints between ICAM-1 and ICAM-2 and between the ICAMs and VCAM-1.
MATERIALS AND METHODS
Plasmids and Mutagenesis. The complete ICAM-2 cDNA (26) was subcloned into the XbaI restriction site of pAprM9
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. (23) to generate IC2͞pAprM9. Mutagenesis was by the overlap PCR technique by using PfuI polymerase (Stratagene) and IC2͞pAprM9 as template, essentially as described (6) . Mutations were identified by restriction analysis and confirmed by DNA sequencing.
Cell Transfection and LFA-1 Binding Assay. COS cells at 40-60% confluency in 100 mm Petri dishes were transfected by the DEAE-dextran method, resuspended by trypsin-EDTA treatment, and reseeded 1 day before the binding assay (7) . Graded amounts of IC2͞pAprM9 ranging from 0.1 to 8 g and about 6 g of mutant ICAM-2 cDNAs were used in each transfection. Three days after transfection cells were detached from the plates with 5 mM EDTA in PBS, washed two times with L15 medium͞2.5% fetal calf serum (binding buffer), and resuspended in binding buffer at 2 ϫ 10 6 cells͞ml. Indirect immunofluorescence and flow cytometry was done with 50 l of cell suspension for each anti-ICAM-2 mAb. The percentage of cells expressing ICAM-2 was determined after subtraction of background staining of cells mock-transfected with pAprM9.
For binding assays, immunopurified LFA-1 (27) (0.5 mg͞ml) was diluted 100-fold with TSM buffer (20 mM Tris⅐HCl, 150 mM NaCl, 2 mM MgCl 2 , pH 9.0), and 30 l per well was applied to 96-well flat-bottom plates (Linbro) overnight at 4°C. Wells were blocked with 200 l of 2% heat-treated BSA in binding buffer for 30 min at 37°C and washed two times with binding buffer before the assay. BCECF (Molecular Probes)-labeled cells (6) (Ϸ7 ϫ 10 4 ) in 25 l of binding buffer were added in triplicate to LFA-1-coated wells containing 75 l of binding buffer. Cells were centrifuged at 1000 rpm for 1 min and incubated at 37°C for 30 min. Well-associated fluorescence was determined before and after removal of unbound cells by three to four gentle washes with 100 l of binding buffer at room temperature, and the percentage of adherent cells was determined. The specific cell binding (%) was obtained by subtracting the background binding obtained with COS cells transfected with pAprM9.
RESULTS
By using the x-ray crystal structure of human ICAM-2 (11), we identified 25 residues in domain 1 that were surface exposed and were in the general vicinity of Glu-37, including some residues conserved in ICAM-1, ICAM-2, and ICAM-3. In domain 2, the two most well-exposed residues that are closest to E37 were selected for mutagenesis. These residues are in the CЈE loop of domain 2. Residues were mutated to alanine, or in the case of Gly-35, to threonine. COS cells were transfected with varying amounts of wild-type ICAM-2 cDNA, and the percentage of cells expressing ICAM-2 and binding to purified LFA-1 was determined (Fig. 1A) . This served as a standard curve for determination of LFA-1 binding activity and enabled correction for differences in surface expression between wildtype and mutant ICAM-2 constructs. COS cells transfected with ICAM-2 cDNA, but not with AprM9 vector, bound to purified LFA-1 immobilized on plastic (Fig. 1B) . Binding was completely inhibited by mAb TS1͞18 to LFA-1 and IC2͞2 to ICAM-2. The ICAM-2 mAb BT-1 inhibited partially, and the ICAM-2 mAbs IC2͞1 and 6D5 gave little or no inhibition. The lack of inhibition by 6D5 mAb may be related to the consistently lower amount of binding of this mAb to ICAM-2 found here by flow cytometry of transfected COS cells.
The mutations give a hint to where several of the mouse mAb bind to human ICAM-2 (Table 1) . Definitive mapping would require extensive substitutions, because mouse and human ICAM-2 are only 54% identical in domain 1. Binding of mAb IC2͞2 was affected by substitution of Q30 and E47 (Table 1) , which are nearby one another in the upper portion of the CD edge of domain 1. The 6D5 mAb appears to recognize a partially overlapping epitope involving residues E47 and Q48. The 6D5 mAb binds less well than the other mAb to wild-type ICAM-2 and shows enhanced binding to several mutants. The 6D5 mAb was raised to ICAM-2 produced in Escherichia coli (28) ; mutants with increased 6D5 mAb binding may resemble the conformation of ICAM-2 that lacks N-linked glycosylation. None of the mutations selectively affected binding of IC2͞1 mAb. The IC2͞1 mAb does not inhibit binding of ICAM-2 to LFA-1, which suggests that it does not bind to the LFA-1 binding interface, consistent with the lack of effect of the mutations around E37 studied here.
To determine whether mutations were likely to widely disrupt ICAM-2 structure, they were examined for an effect on binding of all four mAbs, and for effect on solvent accessible surface area and hydrogen bonds ( Table 1 ). The Y54͞A mutation markedly reduced binding of all four mAbs; the K52͞A substitution also affected binding of all four mAbs, but less severely. Solvent accessible surface area was determined by using the program DSSP (29) with the native structure, and with mutated residues truncated at C␤ to represent the alanine substitutions. Mutation of residues with side chains that are largely buried distal to C␤ yields an increase in accessible surface, and for those that are largely exposed yields a decrease. Mutation of residues Y54 and K52 gave the largest and third largest increase in solvent accessible area, consistent with destabilization (Table 1) . Furthermore, mutation results in a loss of hydrogen bonds from the side chains of these residues to the main chains of residues L36 and G34, respectively. K42 also donates a hydrogen bond to L36; it is not possible to determine whether the low binding of mutant K42A to LFA-1 results from a specific effect or an overall effect on domain structure. The amount of binding to LFA-1 has been corrected for the amount of surface expression of mutants, and it should be pointed out that L55A, S60A, and D62A show a decrease in surface expression measured with all four mAbs, similar to that of K42A, yet their binding to LFA-1 is unaffected ( Table 1 ). The LFA-1 binding interface on ICAM-2 includes the upper part of the GFC face and the CD edge of domain 1 (Figs. 2 and  3A) . A two log decrease in binding to LFA-1 was seen after mutation of G35 and E37 in strand C, H68 in strand F, and Q75 in strand G ( Table 1) . Mutation of residues V33 and T70, which are higher in strands C and F, respectively, diminished binding 8-and 2-fold, respectively. K42 appears to form part of the LFA-1 binding interface, but the hydrogen bond donated by its side chain to the carbonyl O of L36 (Fig. 3A) could also have a role in orienting the side chain of E37. A homologous hydrogen bond is found in ICAM-1 (Fig. 3B) , and this lysine is conserved in all ICAMs (Fig. 2) , suggesting that this is an important side chain-main chain hydrogen bond (30) . Residues L40 and N41 in the CD loop appears to make a specific but modest contribution to binding LFA-1. The L44A and L45A mutations greatly diminished LFA-1 binding, but also affected binding of multiple mAb (Table 1) . It is interesting that all four residues that affected binding of both LFA-1 and multiple mAbs, L44, L45, K52, and Y54, clustered nearby one another on strands D and E (see Fig.  3A ). Mutation of 12 other residues adjacent to those described above had no effect and showed that the binding surface for LFA-1 was highly circumscribed (see Fig. 3 and Table 1 ). Mutations of nearby residues in domain 2, Q145 and E146, also were without effect (Table 1) (12), and ICAM-3 was aligned based on sequence homology. Thick lines represent ␤-strands in the structures of ICAM-2 and ICAM-1. Residues found important for LFA-1 recognition by single residue mutagenesis experiments as described here for ICAM-2 or elsewhere for ICAM-1 or ICAM-3 (7, (20) (21) (22) (23) 25) are color-coded according to percentage of wild-type binding: red, severe, Ͻ35%; orange, moderate, 35-70%; green, little or no effect, 70-100%; cyan, Ͻ35% binding with a possible effect of the mutation on structural integrity. Mutation was to alanine, except for mutations Y52͞F (7) and Y66͞S (20) in ICAM-1, G35͞T in ICAM-2, and mutations L66͞K and S68͞K in ICAM-3 (21). *Binding to LFA-1 of ICAM-2 mutants (average Ϯ SD for three experiments) was normalized to the amount of mutant ICAM-2 expression using a standard curve like that shown in Fig. 1A in each experiment. ICAM-2 expression was determined with CBR͞IC2͞1 mAb, except for three mutants with lowered binding of IC2͞1 mAb, which were normalized with IC2͞2 mAb. † Binding of mAb to mutants was normalized to the percentage of wild-type transfectants stained with the same mAb (average Ϯ SD for three experiments, with some single determinations). The percentage of wild-type transfectants stained with IC2͞1, IC2͞2, BT-1, and 6D5 mAb averaged 37 Ϯ 16%, 38 Ϯ 16%, 34 Ϯ 13%, and 9 Ϯ 6%, respectively (average Ϯ SD for 14 experiments). Residue numbering is revised based on recent determination of the beginning of the mature ICAM-2 sequence (11). 
DISCUSSION
Our results define the binding site for LFA-1 on ICAM-2 within the context of its crystal structure (11) . This surface extends diagonally across the GFC face and CD edge of domain 1 (see Fig. 3A ). Residues showing the greatest specific effect on binding, and that may therefore be central in the binding site, are Q75 at the top of strand G, T70 and H68 at the top of strand F, G35 and E37 at the bottom of strand C, and K42 at the bottom of strand D. Residues Y54, K52, L44, and L45 may contribute directly or indirectly to binding of LFA-1. Mutation of V33, L40, and N41 has a lesser effect on binding. This finding suggests that they are located on the periphery of the binding site, in agreement with their position peripheral to the more important residues in the crystal structure. The side chain of L40 is buried, and therefore the modest effect of mutation of this residue may result from a change in packing around the CD loop. Finally, 12 residues with little or no effect on binding surround the above binding site. The shape of the binding site is strikingly oblong; the six most important residues defined here describe a surface approximately 15 Å long and 5 Å wide. Inclusion of the three less important residues defines a larger oblong surface, Ϸ25 ϫ 7 Å, and inclusion of residues with either a direct or indirect effect on binding defines a surface Ϸ25 ϫ 10 Å. The recent crystal structures for ICAM-1 (12, 13) enable previous mutagenesis studies on ICAM-1 and ICAM-3 (7, (20) (21) (22) (23) 25 ) to be interpreted at atomic level. The binding surfaces show marked similarity, with the differences confined to residues on the periphery of the binding sites (Figs. 2 and  3 ). Four positions corresponding to E37, Y54, H68, and Q75 in ICAM-2 are important in all three ICAMs (Fig. 2) . Two of these, E37 and Q75, are conserved in ICAM-1, -2, and -3, and all four residues are nearby one another (Fig. 3 A and B) . These results suggest that ICAM-1, -2, and -3 bind in similar orientations to LFA-1.
It is interesting that the key LFA-1 binding residues are hydrophilic; this is unusual for protein-protein interactions, but is also observed for the interaction of CD2 with LFA-3 (31). The key Glu-37 residue has been suggested to be responsible for the Mg 2ϩ ion dependence of the LFA-1 interaction with ICAM-1 (7, 32) , and to coordinate with a Mg 2ϩ in the I domain of LFA-1 (4). The side chains of Glu-37 and Gln-75 in ICAM-2 point toward one another, placing their polar groups in close proximity (Fig. 3A) , as also seen for the equivalent Glu-34 and Glu-73 residues in ICAM-1 (Fig. 3B) . Only modest side chain rotations would be required to obtain orientations for the polar atoms of E37 and Q75 in ICAM-2 and their homologues in ICAM-1 that would be structurally equivalent, and thus to obtain nearly identical polar interactions with LFA-1.
Although domains 1 and 2 of ICAM-1, ICAM-2, and VCAM-1 are structurally homologous, the integrin binding footprint of VCAM-1 differs markedly (Fig. 3C) . The different conformations around the critical Glu residue in ICAMs and Asp residue in VCAM-1 and MAdCAM-1 (30) have already been remarked. The Asp is in a protruding loop, whereas the Glu is in a ␤-strand and is in a relatively flat surface. Our results emphasize additional marked differences between ICAMs and VCAM-1 in the location of the integrin binding face. Although Glu-37 in ICAM-2 and Asp-40 in VCAM-1 both lie approximately in the middle of domain 1, most of the other important integrin binding residues are in the upper half of domain 1 in ICAM-2 (Fig. 3A) , and in the lower half of domain 1 in VCAM-1 (Fig. 3C) (18, 19, 33) . Coinciding with this distinct localization of the binding sites in domain 1, important residues in ICAMs tend to be in ␤-strands whereas those in VCAM-1 tend to be in loops. Furthermore, domain 2 contributes to integrin binding in VCAM-1 but not in ICAM-2. The lack of a contribution by domain 2 in ICAMs is confirmed for ICAM-3, in which domain 1 can be expressed without domain 2 and binds equally as well as intact ICAM-3 (23) .
The oblong LFA-1 binding surface on ICAM-2 and ICAM-1 is present on a long, flat ridge in domain 1 (Fig. 3 A and B) and has a geometry appropriate for docking into a groove in the I domain. Interestingly, four residues responsible for species specific interactions between ICAM-1 and LFA-1 map to a groove 25 Å long in the I domain, that runs through the Mg 2ϩ ion-dependent adhesion site (MIDAS) (5, 6) . We propose that the ridge we have defined in ICAM-2 docks to the groove in the LFA-1 I domain, with coordination of Glu-37 to the Mg 2ϩ near the center of an oblong, ridge-groove complementary binding site.
